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HFAT  KXCHANC.K  IN  COOLED  FLOW  AFEA  OF  TUBDINE 


5.  Z.  Kopelpv,  S.  V.  cutov,  (1.  V.  A v i 1 o va  - S hu  1 ' g i n 


(Moscow) 


Page  105 


Art*  presented  the  results  of  the  theoretical  and  experimental 
study  of  heat  exchange  in  flew  areas  of  the  high-teaperature  cooled 
turbines  GTD  [ rTJi  - gas-turbine  engine].  Are  ootained  criteria! 
relationship/ratios  for  the  generalization  of  the  experimental  data 
on  the  intensity  ot  cooling  of  rotor  blades  under  conditions  of 
rotation. 

It  is  shown,  that  the  data  on  heat  exchange,  obtained  at  static 
installations,  can  be  coamcn  for  wetK  cenditiens  ot  blades  under 
turbines,  are  given  the  experimental  data  cn  the  warm-up  of  cooled 
blade  ot  one  of  widespread  diagrams  - hcllcw  with  internal  deflector 
illustration  5,  Table  1.  Beterences  9.  page  105-111. 
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In  turbine  the  heat  exchange  on  the  external  and  internal 
surfaces  of  blades  occurs  in  ce  ntr  i f uga  1- force  field.  In  connection 
with  this  arises  the  question  concerniiig  the  cc»petence/va  lidity  of 
the  propagation  ot  the  data,  obtained  at  static  installations,  to 
work  conditions  of  blaaes  under  turbines,  and  cn  the  criteria,  which 
characterize  the  effect  of  cen t i if uga 1 - f or ce  fielu  on  heat  exchange 
in  turbine  stage.  Let  us  examine  it  in  connecticn  with  the  blades  of 
two  most d widely  use  diagrams  - with  the  transverse  and  longitudinal 
(relative  to  pen)  location  of  cooling  channels  [1].  from  system  of 
equations,  which  describe  the  process  ot  heat  exchange  during  the 
nonseparable  n onisother ma 1 flow  the  a ir loi 1/prc t i le  of  blade  ot  the 
flow  about  of  the  compressible  gas,  the  presence  of  centrifugal-force 
field  it  is  considered  only  by  equation  of  moticn 

r a\\  1 

V -f  » (gn..l  W ) =T-gra(lp-r  (iV^W.  M) 


Here  T = p g is  the  mass  force,  referred  to  unit  volume,  j is  the 
accelerati on , which  determines  this  force.  Ihc  effect  ot  the  mass 
forces  and  forces,  which  create  constrained  motion,  is  characterized 
by  difference  T - grad  p. 
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For  the  totdtiny  lattice  undei  value  U let  us  understand  the 
relative?  speed  of  flow,  which  is  equivalent  to  passaqe  to  the 
coordinate  system,  connected  with  lattice.  In  this  case  to  the 
forces,  which  act  in  riqid  lattice,  will  le  addded  an  additional  two: 
centrifugal  from  movable  centripetal  acceleration  and  Coriolis 

trem  Coriolis  acceleration  , ^ 


Force  T can  be  decomposed  on  three  components;  tangential 
(circular/neighhot  inq)  ^ radial  f and  axial  "YeX^ 


In  turbine  the  axial  accelerations  in  the  vane  channels  of  rotor 

Hades  are  comparatively  small;  theretcre  axial  force  e-an  fce 

excluded  from  examination.  Eearinq  in  mind  that  the  tangential 

component/u  is  composed  of  the  force  ^ which  appears  in  rigid 

lattice  during  the  flow  of  gas  in  curvilinear  vane  channel,  and 

inertial  Coriolis  force  "7”  it  is  possible  to  write 

) 


7'  = r,v(i  -r  TJT.y  + (rjT,)\ 
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In  turn,,  the  effect  of  force  field  (in  out  case  centri[>etal  and 

Coriolis)  on  the  character  ct  houn dar y- la y er  flew  it  can  revealed 

cnly  when  on  the  liirferent  sections  of  vane  channel  the  amount  of  tne 

mass  forces  is  different  [by  2],  After  aultiplyinq  ratiosT*  and  r II 

f/t  /( / ' 

» 7’  * ^ * i ’ 

to  Eimplexes  andA/.^  we  will  ottain 


|7’<  = idcin.  y,  = idem. 


In  the  vane  channel  of  the  cooled  tevclving  gate  in  radial 

direction  in  particle  act  the  mass  centrifugal  forces 

translational  acceleration  and  the  lifts  caused  by  heterogeneous 

fl  / 

density. 


Consequently,  for  the  similarity  ct  the  ptccesses  of  heat 
exchange  it  is  necessary 


I ^')»  = 'deni.  |r,  = idem. 
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The  ffldxiniuiB  c entr  i t uya  1 acceleiation  in  revolving  gate  occurs  on 
{.eriphery,  minimum  - in  root  section.  Ihe  maximum  difference  in  the 
centrifugal  forces  can  te  written  (see  Pig.  1): 

*D  ~ K f “ " — j . (■ 

' O ' B / I 


After  designating  / h = X.  will  obtain 

~ « KWcpri  - (*> 


the  force  of  periphery,  which  acts  on  tlade, 

T,  = ~(W,^-W„),  (7 


here  G,  - the  gas  flow  through  lattice,  t - the  number  of  blades. 
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From  the  equation  of  the  continuity 
G,  = (81 


Dy  tdkinj  into  account  (h)  - (B),  it  i£  possible  to  write 


u 


2 

CP 


x"  ('I'lu 


K 

ir,„)  \\\th 


(fi 


Since  the  cross-sectional  area  of  wane  channel  (without  taking 
into  account  of  real  profile  t hick  nesslA",.  = nd.pb  / z,  after  conversions 
we  will  obtain 


A'« 


T,  L 


1 b 1 

V "nr  h 


(lol 
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iipre  )i  = A.  is  d factor  cf  t h*^  load  (4.U  - t ii€>  worK.,  (jiven  up  by 

the  bladp  ria  of  elementary  step/stage,  referred  eo  1 kij  of  woikiny 
me di uB/propella nt)  . 

The  kinematics  of  the  step/stage  of  turbine  usually  is 
characterized  four  by  parameters  - by  dimensionless  vor<  (coefficient 

•••I-. 4V. 

p)  , by  the  dimensionless  axial  velocity  11  „/ n,,.  ky  the  degree  of 
reaction  jj  and  by  the  relation  of  axial  velocities  H’l.  / " However, 
with  acceptable  for  a practice  accuracy  by  its  it  is  possible  to 
assign  only  two  parameters  - p and ‘ip  , Consequently,  the  first  two 
factors  in  formula  (10)  reflect  the  kinematic  similarity  of 
step/stages.  The  latter  fact  was  not  ccnsidered  by  some  researchers 
[3,  4]. 
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Fiij.  1.  Schematic  of  the  elementary  step/stage  ct  turbine. 


Pago  107. 

Felative  speed  '*•/"<!  is  connected  with  flow  angles  at  entrance  and 
exit  from  lattice  by  the  re  la 1 1 onshi p/r at ic 


H''.  n 

n.p  ct?  fl,  -f  fig  fi: 


(»t) 


i. 

( 


Then 


1 ClgP|-|Ct?P: 

V 7f‘ 


(12) 


I 


Here  h = h/b  is  strain  of  blade.  Hence  it  follows  that  tor  the 
concrete/s  peci f ic/act ua 1 step/ stage 


(13) 
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t hf-  maxirauiii  aaiount  of  Cociolis  forces  occurs  of  tne  root  of 
tlade  and  on  periphery,  since  they  on  module/nicduius  are  equal  to-'"’**' 
(here  u - the  angular  rate  of  rotation  cf  lattice,  [4^.  - the  speed  of 

i 

the  secondary  flows) - The  rela t ion sh i p/rat lo  of  the  velocity  of  the 
secondary  flows  and  aean-ex penuitu t e over  section  velocity  is  changed 
insignificantly  [5].  After  accepting  it  as  constant,  we  will  obtain 
that  in  the  lattices  impellers  the  effect  of  Ccriolis  forces  on  heat 
exchange  with  an  accuracy  to  constant  is  characterized  by  that 
expression  for  a cr  iter  ion/^^  that  also  the  effect  of  centrifugal 
forces. 


In  the  intensely  cooled  lattices  impellers  the  maximun 

n cm  sot  her  Di  i cit  y in  flow  — — here  'Tr,T^,-  are  temperatures  of 

flow  and  wall  of  blade.  Therefore 

AT,  1 


Cr,  = 2- 


T,  mV. 


(14) 
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or,  for 


ste^-zstage. 


II. 

Gr,  =/(A7',/ (15) 


If  we  consider  the  radial  coolin<j  channel  in  tlade  as  pipe  of 
constant  cross-section,  then  equation  cf  motion  can  be  written  in  the 
form 


. , yW‘ dk  u» 

dp  -P  yWdW,  = — (_  y ^}^ 

2 D ^ r ' 


(16) 


where  C is  a coefficient  of  friction,  D - the  hydraulic  diameter  of 


i 
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channel,  and  the  action  of  centiituqal  foicts  i£  consideied  by 
positive  term  ^u^ih/c. 

After  arcep'tinj  as  characteristic  linear  size  tne 
he iqh t/a  It  it iide  ot  channel  h and  after  dividing  both  parts  of  the 
egudtion  of  motion  to  velocity  head  at  on  t p.  ut/ y le  Id  trom  channelsV** 
>ie  will  obtain 


1 


(17) 


According  to  the  equation  of  the  continuity 


H.  = C./y^. 


(18) 


Since  G,  = GrG,.  keeping  in  nind  (U)  , 

h 


TTT 


C.^{Frll-.Z) 


it  is  possible  to  write 


(19) 
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In  blades  with  the  transverse  (relative  to  pen)  location  ot 
cooling  channels  their  value  6,  as  a rule,  is  constant  or  is  changed 
insignificantly;  therefore 


(20) 


Eeaiirg  in  aind  that 


W, 


W. ' 


ir, 


we  will  obtain 

t:  = 7;.(//A)v(ir,.  _ \\\.)njky- 


(21 
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Fd<je  10H. 


naxinum  difference  in  the  centrifnijal  forces 


(AT-, 


Mdhr 


) « = Y^‘-  kU'p'/x’ 


Cl- 


an d 


T".  K = / tz. 

. /OOn  /0'>\  ^ 


(U 


fcy  utilizinij  expressions  (20)  - (2J),  it  is  possible  to  write 


AT 

r. 


T, 


1 u (6  0* 
pc;,  ''  a 


or 


A'.-  = A„'(6/0’/C.‘. 


(2'.| 


Thus,  for  each  concrete/specific/actual  step/stage  the  effect  of 
centrifugal  forces  on  heat  exchange  is  characterized  by  three 
paiaaetecs:  1)  by  the  factor  of  the  load  of  step/stage  p,  2)  by 
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relation  Nr, , /^  and  J)  by  the  relative  ait  flew  rate  for  coolinqC^*^_ 

Experimental  research  of  tiades  with  the  transverse  location  of 
cooling  channels  was  conducted  on  static  packages  and  on  three 
turbine  stages.  Their  size/dimensions  differed  among  themselves  mote 
tnan  2.*)  times.  The  construction  of  stand  of  static  packages,  the 
procedure  of  experiments  and  processing  the  experimental  data  are 
given  in  [ b ].  The  fundamental  gecmetric  characteristics  of  the  tested 
lattices  are  given  in  table. 

The  design  concept  of  rotors  is  given  in  [7],  Petore  tests  were 
obtained  the  discharge  characteristics  of  channels  in  trailing  edges, 
deflectors  and  blades  in  ccllection  with  deflectors.  The  stability  of 
characteristics  was  checked  both  in  the  process  of  tests  and  after 
their  completion. 

The  thermal  condition  of  tiades  was  estimated  at  the 
dimensionless  coefficient  9 =(/,_<,)/(/,_/,).  which  ate  the  virtually 
single-valued  function  of  the  ratio  of  beat-tcassf er  coefficients 
from  air  and  gas.  The  temperature  of  the  stagnant  (in  relative 
motion)  flow  of  gas  on  blades/^  was  determined  from  measurement  by 
the  special  thermocouples,  established/installed  on  blades,  and  but 
to  the  measurements  of  the  temperature  field  of  gas  after  turbine. 
Poth  methods  ensured  completely  satisfactory  agreement.  The 
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temperature  of  blades  was  measured  by  the  thetmccouples, 

establ ished/instal led  into  four  points  on  air  foil/prof i ie  (entering 

edge,  back,  tne  concave  pait  of  the  a ir f oi  1/ pr c £ i le , trailing  edge) 

and  in  three  sections  by  height  (root,  average,  peripheral).  Each 

measurement  conducted  simultaneously  on  three  blades.  The 

transmission  of  t hermocur rents  to  recorder  (electronic  potentiometer 

EPP-09)  was  realized  through  the  mercury  slip  ring.  The  temperature 
~~r~ ' ^ 

cf  air  coolant/^  pressure^  ^ and  its  ex  pend  ituie/consum  pt  ion  were 
measured  directly  at  the  entrance  into  rotor  [7]. 
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Key:  (1).  (’.eometric  par aitieteis.  (2).  Numbers  of  lattices.  (3).  Chord 
1 BBi.  (4).  Space  t,  mm.  (5).  hidth  fc,  nm.  (fc).  Anijle  of  entry 
(7).  Arjle  of  departure  (h).  Diameter  of  enterinq  edge  D,  mm. 

(9).  Diameter  of  trailing  edge  d,  mm.  (10).  Relative  height/altitude 

(11) ,  Blades  with  a 1 1 e r na t i ng/var ia Lie  ty  heigft  a ir f oi i/prof i le. 

(12) .  Blades  of  constant  a irf  oi  1/prof  ilc.. 


Page  109. 

Since  during  air  flow  from  the  place  of  measurement  to  the 
section  of  blade  in  question  its  temperature  increases  because  of  the 

work  of  centrifugal  forces,  the  temperature^^  during  the  definition 

t,  = l.'  4-  ((/-'  / ■>,.  ‘]\ 

of  coefficient  Q was  computed  as  suu  " ' here  u is  the 

peripheral  speed  in  the  section  in  question , “ is  heat  capacity  of 

the  air,  J - teimal  equivalent  of  work. 

li 

The  estimation  of  leakages  according  tc  labyrinth  seals, 
clearances  in  the  circuit  of  supply  and  the  scarf  joint  of  blades 
with  disk  conducted  according  to  datum,  on  obtained  by  the 
preliminary  blasting  of  rotors  [7].  The  broad  band  of  a change  in  the 
parameters  h,  \T,IT,  and  <>,  was  achieved  by  a change  in  the  load  of 
turbine,  number  of  revolutions  (55-100o/o),  of  the  temperature  of  the 
gas  before  turbine  (650- 1 490®K) , the  temperatures  of  air  coolant 


I 


DOC 


7700065  J 


PAGE 

'/«? 


Fiq.  2.  Effect  of  centtif u(jal-iorce  field  on  heat  exchange  in  the 
cooling  channels:  1.2.3  - lattice  1.2.3  in  statics,  <4.5.6  - in 
rotation. 
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Fig.  3.  The  effect  cr  the  loading  of  turbine  on  heat  eaission  in 
channels  for  a trailing  edge  (see  designations  to  Fig.  2),  0 is  a 
ratio  of  the  intensities  of  cooling  in  rotation  and  in  statics. 
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Fig.  4_  The  effect  of  cooling  lattice  on  neat  enission  in  vane 
channels  for  a trailing  edge  (see  designations  to  Fig  2). 


Page  1 10. 

During  processing  the  experiaental  data  the  aode/condit ion s of  tests 
Mere  grouped  in  such  a way  as  to  detecaine  the  effect  of  each  of 
these  paraaeters  individually. 


On  Pig.  2 ace  shown  the  cesults  in  order  tc  detecaine  the  effect 
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ot  each  of  tnese  pataneters  individually. 

Or.  2 are  shown  the  results  of  the  ije  rer  a 1 iza  t ion  of  the 

e X per  i inent  a 1 data,  = 1.6  = const,  I - 0.^6  = const. 

Generalization  is  made  tor  the  section  cf  trailintj  edge,  analogous 
def'endences  are  obtained  also  for  an  entering  edge  and  concave  - 
convex  parts  of  the  air  foil/ profile. 

Or  Fig.  J is  shown  the  effect  ot  tne  leading  ot  the  step/stage 
ot  turbine  on  heat  omissicn  from  gas  tc  blade  cn  section  III  ( \7'  = 

C..  IS  = const,  = I.80/C  = ot  const),  while  cr  Fig  4 - density  in 

nenisother  ma  1 flow  (p  = - 3,  3c/o)  . As  is  evident,  in  the 

range  of  a change  of  the  parameters  p,  \TrlT,  question  the 

rate  ot  heat  exchange  under  the  static  conditions  and  during  rotation 
(with  different  number  of  revolutions)  remains  virtually 
CO ns t a n t /i R y ar i abl e . Analogous  results  are  obtained  for  the  sections 
c£  blade  I,  II. 

The  experimental  study  of  the  therxal  condition  ot  blades  with 
the  longitudinal  (relative  to  pen)  location  of  cooling  channels  is 
undertaken  in  [8]  (see  table,  lattice  4). 

The  temperature  ot  gas  on  blades  during  tests  was  maintained  by 
constant/invariable  and  equal  to  1440®K,  ait  -310“K, 
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€x  pendit  ur*»/consuni  ption  -1.8o/o.  ?’ioiii  f . 5 it  is  evident  t tia  t the 
coefficient  0 also  virtually  is  not  chanyed  in  all  investiyated 
velocity  ranye  (6500-12500  i/aiin;  fu  ~ 1.0-  1.5.  iven  a very 

substantial  chanye  in  the  anyle  of  the  inleakaye  (from  -20  to  ♦7“)  of 
the  flow  of  yas  to  rotor  blades  (Fiy.  5)  dees  net  affect  their 
tea pe r at  ur  e. 


It  IS  necessary  to  keep  in  mi  iiu  that  the  level  of  flow 
turbulence  in  the  static  installations,  where  tfe  preneating  of  air 
is  realized  in  combustion  chambers  OTD,  is  so  great  that  upon 
transition  to  revolving  gates  the  effect  on  it  ct  tiie  velocity  of  t ne 
rotation  impeller  is  not  exhibited  [9]. 


Conclusions.  1.  In  the  investigated  range  cf  a change  of  the 
parameters  and^^^  characteristic  for  turbines  of  GTD,  the 

intensity  of  heat  exchange  in  air-cooled  blades,  measured  during 
tests  at  static  installations  and  in  turbine  stages  under  conditions 
of  rotation,  remains  constant/invariable. 


2.  The  experimental  data,  obtained  at  static  installations,  can 
be  common  for  work  conditions  of  blades  under  turbines,  which 
substantially  simplifies  the  procedure  cf  experiment  and  the 
construction  of  test  benches. 
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Fi^j.  5.  of  the  loadinq  of  turbir.e  on  the  dimensionless 

temp<^cdture  of  Made  with  the  lonqitudinal  (relative  to  pen)  location 
cf  coolinq  channels. 
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